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Reference evapotranspiration (ET,) assessment at regional scale is a challenge to agricultural and hydro-
logical research requiring the characterization of vast areas to obtain accurate meteorological variables.
To account for this, a new approach considering a modified version of the Makkink equation and based
on a combination of remotely sensed solar radiation (R;) considering the MSG satellite, and numerical
weather forecast of near surface air temperature (T>n, ), was developed. The new approach is referred as
Makkink-Advection equation (MAK-Adv).

Once R; and Ty, were validated for the semiarid conditions registered in Southern Spain with very sat-
isfactory results (RMSE=1.6 MJm~2d~"! and 1.4°C respectively, with linear regressions with slope =0.99
and R%2=0.97), the MAK-Adv approach was calibrated and validated with ET, measurements from a
weighing lysimeter under near-reference conditions in Southern Spain. The new approach has pro-
vided accurate daily ET, estimations compared with lysimeter data (RMSE=0.50mmd-!, RE=12.3% and
MAE=0.39 mmd~'), and remains accurate during summer time (RMSE=0.62mmd~' and RE =9%), the
critical period when accurate ET, data are essential for a correct agricultural water management.

Once calibrated and validated, and thanks to the use of remotely sensed data, the MAK-Adv approach
allowed the ET, assessment at regional scale. For a semi-arid region located in southern Spain with an area
of 87,300 km?, a detailed spatial ET, assessment was performed, determining ET, values for the totality
of the area with a resolution of about 9 km? allowing to evaluate the spatial and temporal variability
at basin/region scale. This new approach gets over the serious limitations for a correct ET, assessment
when traditional methodologies are not able to provide these data for vast areas, even with the modern
weather station networks. Thus, MAK-Adv approach is especially useful for those areas with missing or
inaccurate meteorological in situ observations.
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Introduction

Reference evapotranspiration (ET,) is a key component of the
hydrological cycle and base to estimate crop water requirements
(Allen et al., 1998). ET, is defined as the evapotranspiration, under
the given meteorological conditions, of a reference grass crop with
specific characteristics such as an extensive surface of green, well-
watered grass of uniform height, actively growing and completely
shading the ground (Allen et al., 1998).

The most accurate methodology for ET, assessment is the use
of weighing lysimeters (Malone et al., 2000). Weighing lysimeters
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have been long used to measure evapotranspiration (Wright,
1982). As such, lysimeters are the standard method to directly
measure ET, (Xu and Chen, 2005; Lopez-Urrea et al., 2006) or
crop ET (Yang et al., 2000; Lorite et al., 2012) and therefore the
best source of observations for independent validation of ET,
estimates. However the available lysimeter data are very limited
and alternative procedures such as Penman-Monteith approach
(PM-FAO56) have been developed. Thus, PM-FAO56 has been
compared with lysimeter measurements under semi-arid envi-
ronments (Berengena and Gavilan, 2005; Lépez-Urrea et al., 2006)
obtaining very accurate ET, estimations. This equation is, there-
fore, considered the standard procedure for ET, estimation (Allen
et al., 1998), leading to a satisfactory performance even under
advective conditions (Berengena and Gavilan, 2005). However, the
required input data (solar radiation, wind speed, temperature and
relative humidity of the air) must be collected under the previously
described reference conditions (Allen et al., 1998). This is often not
possible or impractical, particularly in semi-arid regions where a
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network of such stations is difficult and costly to maintain, limiting
the widespread use of this equation (Pereira and Pruitt, 2004). As a
consequence, PM-FAO56 has often been substituted by approaches
with lower input requirements such as Hargreaves or Makkink
equations (Gavilan et al., 2006; De Bruin et al., 2010) using weather
data from weather station networks.

In addition, weather stations networks are usually located close
to irrigated areas (Gavilan et al., 2006), and then a correct weather
characterization for non-irrigated areas and for hydrological pur-
poses is even more difficult. Furthermore, the number of the
weather stations is clearly limited, and vast areas are located far
of well-managed weather stations (Voogt, 2006) avoiding a correct
weather characterization. For example, Collins (2011) described
the huge limitations depicted in Africa caused by low density of
weather stations and usually unevenly distributed. An alterna-
tive for this limitation has been the use of spatial interpolation
approaches (Alves et al., 2013), but several authors indicated the
uncertainty in those datasets derived from interpolation methods
(Ramirez-Villegas and Challinor, 2012). Thus, the development of
new methodologies applied at regional scale and requiring lower
cost observations is required, with a high impact on the availability
and quality of ET, estimations over many parts of the globe.

As a potential solution for the necessity of a new tool for
ET, assessment, the contribution of remote sensing must be
considered. Remote sensing techniques have contributed in the
improvement of water management at basin scale in the last years.
The most advanced approaches have been focused on the deter-
mination of crop evapotranspiration (ET.), using energy balance
models (Galleguillos et al., 2011; Pogas et al.,, 2013) or vegeta-
tion indexes (Ghilain et al., 2012). These approaches have provided
relevant information for hydrological cycle analysis and agricul-
tural water management, enabling the determination of crop water
requirements (Santos et al., 2010), crop yield forecasting (De Wit
and van Diepen, 2008), the analysis of the spatial and temporal
variability of the vegetation (Stisen et al., 2008; Ghilain et al., 2012)
or hydrological analyses (Bailly et al., 2011). For ET, assessment,
although recently De Bruin et al. (2010), Cammalleri and Ciraolo
(2013) and Sepulcre-Canto et al. (2014) have demonstrated that
geostationary satellite data can be used to determine ET, values
for vast areas, studies have been less numerous, being required
further analyses related with new input data methodologies and
regional calibration (Cammalleri and Ciraolo, 2013). Furthermore,
despite the promising preliminary results concerning the feasibil-
ity of ET, estimation derived from remotely sensed solar radiation
from geostationary satellite MSG (De Bruin et al., 2010; Cristobal
and Anderson, 2012), a calibration and validation of this empirical
approach is still required, particularly under semi-arid conditions.

The main objective of the current study is to evaluate the use
of an innovative approach using remotely sensed and ECMWF data
for ET, assessment at regional scale to get over the serious limita-
tions of traditional methodologies for ET, assessment in vast areas.
Equally, an evaluation of the spatial and temporal variability at
regional scale and the study of the main factors influencing the
quality of the estimations are considered. To carry out these objec-
tives, the introduced methodology considered weighing lysimeter
and weather station data under semi-arid conditions in Southern
Spain.

Materials and methods
EUMETSAT LSA SAF and ECMWF products
The EUMETSAT Satellite Applications Facility for Land Surface

Analysis (LSA SAF) is part of the SAF network, a set of special-
ized development and processing centers serving the European

Organization for the exploitation of meteorological satellites
(EUMETSAT) (Trigo et al., 2011). The main objective of LSA SAF is
the development of remote sensing applications relevant to land
surface processes and biosphere applications, such as the case of
ET, (Trigo et al., 2011). The main input to ET, satellite retrievals
analyzed here is daily solar radiation at the surface. Within the
LSA SAF this corresponds to the so-called daily down-welling
surface shortwave radiation flux (DIDSSF) in the wavelength
interval 0.3-4 pum (Geiger et al., 2008; Trigo et al., 2011). DIDSSF
was determined from the accumulation of 30-min observations
provided by the spinning enhanced visible and infrared imager
(SEVIRI) radiometer, on board MSG (Schmetz et al., 2002) at a pixel
resolution of 3 km at nadir (Trigo et al., 2011).

Air temperature at 2 m (Ty,,) was obtained from the operational
forecasts provided by the European Center for Medium-Range
Weather Forecasts (ECMWEF). The initial 3-hourly T, forecasts at
a resolution of about 25 km were linearly interpolated in time to
hourly, and bi-linearly interpolated in space to the SEVIRI/MSG res-
olution (3 km at nadir). As ECMWF model surface orography and
the SEVIRI elevation model showed differences in the pixel altitude
caused by the different spatial resolution, the T, values underwent
an adjustment to correct these altitude differences using a constant
slope rate of 0.0067°Cm~"! (De Bruin et al., 2010). Thus, the Ty,
values were reduced or increased at the indicated slope rate when
the SEVIRI elevation was higher or lower than the ECMWF eleva-
tion, respectively. These adjusted Ty, values are considered for ET,
estimations by EUMETSAT LSA SAF (Trigo et al., 2010). A detailed
full-description of ECMWEF data is available in Persson (2011).

The EUMETSAT LSA SAF (Trigo et al., 2011) is planning to gen-
erate and distribute ET, primarily based on solar radiation using
MSG satellite measurements and ECMWF forecasts. In the context
of the LSA SAF (De Bruin et al., 2010, 2012a; Trigo et al., 2011),
such satellite based estimations make use of an empirical proce-
dure based on Makkink equation, yielding ET, for the whole field
of view of the European geostationary satellite MSG. These results
will be made available in near-real-time (http://landsaf.meteo.pt)
at the MSG pixel resolution (3 km at nadir; Trigo et al., 2011), and
cover an area encompassing Africa, most of Europe and part of
South America.

Experiment setup for lysimeter and meteorological variables
collection

A weighting lysimeter provided reference evapotranspiration
data to carry out the calibration and validation process for MAK-
Adv approach. It was installed in 1985 and is located in the center of
a well-watered grass field with a size of 1.6 ha (Fig. 1), with regular
agricultural practices in order to follow the FAO recommendations
(Allen et al., 1998), being usually surrounded by fields cultivated
withrainfed crops. These grass field characteristics and the weather
conditions of the area generated a significant process of heat advec-
tion, with values of the ratio between reference evapotranspiration
and net radiation (defined as the advection index) around 1.0-1.4
(Berengena and Gavilan, 2005), depicting advection for most of the
sampled days (Gavilan and Berengena, 2007). These values indicate
clear advection conditions for the grass field where the weighting
lysimeter is installed.

The lysimeter facility, described in Berengena and Gavilan
(2005), has provided accurate ET, measurements for the last 20
years (Mantovani et al., 1995; Farahani et al., 2007; Gavilan et al.,
2007), constituting a high valuable dataset very uncommon in the
world. In order to ensure the quality of the collected data from
this facility, its performance was checked once a year by placing
known mass pieces on the lysimeter. Measurements were made
increasing and decreasing the load on the platform by adding
and removing pieces respectively (Gavilan and Berengena, 2007),
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Fig. 1. Location of IFAPA experimental field in southern Spain (marked with a red circle) and picture showing the location of the weather station (red circle) and lysimeter
(blue rectangle). In the map the weather stations included in RIA network, sub-basins considered in the study and the Guadalquivir River are also shown. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

obtaining correlations between added mass and scale reading very
high with no significant differences. In addition, management and
maintenance practices followed the recommendations provided
by Allen and Fisher (1990) and Allen et al. (1991), and those days
when irrigation or mowing occurred were discarded.

Lysimeter measurements were conducted for three years
(2007-2009). After a detailed validation process, 270 days were
considered including different weather conditions. Daily ET, val-
ues depicted a clear seasonal trend, with the maximum ET, values
attained in mid-July with values around 7mmd~', and minimum
values around 1 mmd-~! in January.

The Agroclimatic Information Network of Andalusia (RIA;
Gavilan et al., 2006) is currently composed of 100 automatic
weather stations, but after to evaluate the data quality for the ana-
lyzed period, uniquely 56 weather stations were considered (Fig. 1).
One of this is located close to the lysimeter facility described above
centered on the reference experimental field and was used in the
study (Fig. 1). This weather station is equipped with sensors to
measure air temperature and relative humidity (HMP45C probe,
Vaisala, Helsinki, Finland), solar radiation (pyranometer CM6B,
Kipp&Zonen, Delft, Holland), wind speed and direction (wind mon-
itor RM Young 05103, Traverse City, Mich.) and rainfall (tipping
bucket rain gauge ARG 100). Mean semi-hourly and daily average
values are recorded and validated for each meteorological vari-
able. Different tests such as record structure data, range, step and
persistence, internal consistency test and spatial consistency test
according to Meek and Hatfield (1994) and Shafer et al. (2000) are
considered.

Overall local weather conditions during the three-year period
under study were quite similar, and coincide with average regional

weather conditions at Southern Spain (Gavilanetal.,2006). Average
maximum and minimum air temperatures were of around 24°C
and 10.5°C, respectively, with a maximum and minimum relative
humidity of 83% and 35%, respectively. Average wind speed was
1.6ms~! and daily solar radiation 18 Mjm~2d-1.

Reference ET equations

Penman-Monteith equation

The standardized Penman-Monteith (PM-FAO56) equation
(Allen et al., 1998) is based on the Penman-Monteith equation
(Monteith, 1965). For grass reference surface and for daily time
step, this equation is expressed as:

0.408A(Ry — G) + y(900/(T + 273)) + 273U, (es — eq)
A+ y(1+0.340,)

ET, = (1)

where ET, is the reference evapotranspiration (mmd-=1); Ry, is the
net radiation at the crop surface (MJm~2d~1); Gis the soil heat flux
(MJm~2d-1); Ty, is the mean daily air temperature at 2 m (°C); U,
is the wind speed at 2 m height (ms~1); e is the saturation vapour
pressure (kPa); e, is the actual vapour pressure (kPa); (es —eq) is
the saturation vapour pressure deficit (kPa); A is the slope of satu-
rated vapour-pressure curve (kPa°C~1) and y is the psychometric
constant (kPa°C-1).

Since measurements of ET, over a grass reference crop (Allen
et al.,, 1998) are often not available (De Bruin et al., 2010), sev-
eral authors consider the estimations provided by PM-FAO56 as
the benchmark for comparison with other equations and method-
ologies (Gavilan et al., 2006; Er-Raki et al., 2010; Espadafor et al.,
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2011; Cammalleri and Ciraolo, 2013), although reference condi-
tions requirements (Allen et al., 1998) were not always fulfilled.

Advection-revised Makkink equation (MAK-Adv)

De Bruin (1987) and De Bruin and Lablans (1998) determined
that under non-water stress conditions, ET, (mmd~!) could be
accurately estimated using a simplified Makkink formula (Makkink,
1957) considering a parameter called cyak. This parameter ranges
between 0.63 for Netherlands (Van Kraalingen and Stol, 1997) and
0.81 for the Jordan Valley (Jitan, 2005), depending on climate con-
ditions. De Bruin (1987) and De Bruin et al. (2010) found that a cpjax
value corresponding to advection free conditions should be equal
to 0.65, and Xu and Chen (2005) for a humid site in Germany deter-
mined a cpyak value equal to 0.70. Cristea et al. (2013) defined cpjax
parameters for numerous locations at USA, ranging from 0.72 for
Washington to 0.90 for Colorado, determining small model coeffi-
cient variability over a range of climates. For Southern Spain, cyax
parameter was calculated for some representative weather stations
located under different weather conditions in basins B8, B10, B12,
B14,B18,B19 and B23 (Fig. 1). This parameter ranged from 0.77 for
a weather station located within an irrigated area close to the sea
in the basin B18, to 0.87 for an arid location at the east of the region
(basin B23), depicting a significant homogeneity in cyax parameter.

Using the ET, dataset gathered over the lysimeter site described
in “Experiment setup for lysimeter and meteorological variables
collection” a revised version of the Makkink equation to account
for advective effects observed in the area (Gavilan and Berengena,
2007)was developed. Under semi-arid conditions advection of sen-
sible heat onirrigated areas supplies a substantial amount of energy
to the ET process, and then these advection conditions detected in
the experimental field affected decisively to the calibration process
carried out for the Makkink equation. For this reason the new equa-
tion was labeled as “advection-revised”, been the advection effects
accounted throughout specific equation coefficients. In these, local
weather variables such as wind speed, temperature and relative
humidity are included. This new Makkink equation has been pre-
sented before in another form by De Bruin et al. (2012b; their
equation 2 at air pressure p =100 kPa).

The calibration of the procedure uses lysimeter ET, data col-
lected during 2008 (83 daily observations). For the calibration
dataset, the RMSE of the MAK-Adv approach with respect to lysime-
ter ET, values was 0.50 mmd~1, corresponding to a relative error
(RE) of 12.9% and an absolute mean error (MAE) of 0.37mmd-1.
Consistently, the fit of the regression analysis presents very sat-
isfactory results (slope=0.95 and R%=0.96). The result of these
studies was the development of a new Makkink equation, denoted
as MAK-Adv:

ET, = %[0.38 +0.015(Tam — 12)]Rs 2)

where R and Ty, were provided by LSA SAF from MSG satellite and
ECMWEF tool using the slope rate described in “EUMETSAT LSA SAF
and ECMWEF products”, respectively.

The validation was carried out using independent observations
taken during 2007 and 2009. Results revealed very good statis-
tics, with RMSE values of 0.46 and 0.54mmd~', RE of 13.5% and
11.0%,and MAE of equal to 0.36 and 0.42 mmd~! for 2007 and 2009,
respectively. Regressions also presented a very good fit (slopes of
0.99 and 0.98; R? equal to 0.95 and 0.94).

With the analysis of the weather/climate conditions (wind
speed, relative humidity, temperatures and cyax parameter) for the
lysimeter location and at regional scale, the representativeness of
the location where calibration/validation process was carried out
is assured. This fact allows the use of MAK-Adv approach under
different weather conditions with reliable outcomes.

Statistical analysis for model inter-comparison

Linear regressions used for model intercomparison were deter-
mined applying the least square method, setting the intercept
to zero. Significance level for means of the analyzed approaches
were determined using the least significant difference (LSD) all-
pairwise comparison test based on t-test with a level of significance
o =0.05. To determine the relationship between climatic variables
and errors in the ET, assessment, the coefficient of correlation was
considered.

Results and discussion

Solar radiation and air temperature assessment using remote
sensing and forecasting tools

Solar radiation (Rs) provided by LSA SAF for the study area
closely followed a normal distribution, being the majority of the
Rs values between 6200 and 6600 MJ m—2 year~! (Fig. 2). Rs sim-
ulated values presented very good results when compared with
the measurements obtained at the weather station (Fig. 3) located
in the reference field ("Experiment setup for lysimeter and mete-
orological variables collection”). Ry values provided by LSA SAF
slightly underestimated observations, with an averaged differ-
ence of 0.4MJm~2d-! (Table 1). The RMSE was 1.6 MJm~2d~!
corresponding to a relative error below 10%. The linear regres-
sion between the weather station and LSA SAF values generated
a slope of 0.98 with R2=0.97 (Fig. 3a). These results are over-
all more accurate than Rs estimates analyzed recently by other
authors: Bois et al. (2008) found underestimations in France with
relative RMSE ranging from 14% to 20%, De Bruin et al. (2010)
in Jordan Valley obtained a linear regression slope equals to 0.92
and R%=0.97, Journée and Bertrand (2010) in Belgium determined
RMSE equals to 104Wm~2 (about 9M]Jm~2d-1), Roerink et al.
(2012)also determined accurate and unbiased errors with standard
deviations between 30 and 51 Wm~2 (about 2.5-4.5MJm~2d-1),

R<(MJ/m2)

- 6950

5820

5800 6000 6200 6400 6600 6800 7000
R. (MJ m?)

Fig. 2. Annual solar radiation (Ry) assessment for 2007 obtained with LSA SAF tool
using the MSG satellite for the region of Andalusia, Southern Spain. Below, curve of
cumulative frequency of the R, values obtained from LSA SAF tool.
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Table 1
Average R; (MJm~2d~") and T (°C) values, errors and correlations obtained by LSA SAF and ECMWF for the whole analyzed period and by season.
Radiation Avg.RIA (MJm~—2d-1) Avg.LSA (MJm~—2d-1) RMSE (MJm~2d-1) RE (%) MAE (MJm-2d-1) Slope R?
Year 17.34 16.94 1.56 9.02 1.16 0.98 0.97
Winter 10.87 10.17 1.25 11.48 1.01 0.93 0.97
Spring 23.51 22.81 2.14 9.10 1.68 0.97 0.90
Summer 26.14 26.22 1.67 6.39 1.15 1.00 0.88
Fall 10.88 10.69 1.01 9.25 0.81 0.97 0.96
Temperature Avg.RIA (°C) Avg. LSA (°C) RMSE (°C) MAE (°C) Slope R?
Year 17.12 16.80 1.36 1.09 0.99 0.97
Winter 10.41 9.75 1.36 1.10 0.93 0.85
Spring 17.73 16.81 1.40 1.14 0.95 0.95
Summer 26.78 26.86 1.10 0.85 1.00 0.85
Fall 13.72 13.99 1.55 1.26 1.02 0.85
and Cristobal and Anderson (2012) in a Mediterranean area with
lower aridity conditions than Andalusia obtained RMSD of 1.6 and
2.3MJm~2d-! for flat and hilly terrain, respectively.
ECMWEF provided good average temperature values compared
a 351 with measurements at the weather station. Average T, from
ECMWEF was 16.8 °C while that measured by the weather station
30 4 was 17.1°C, generating a very small underestimation (RMSE was
y =0.9759x °0 1.4°C, Table 1). The regression between average T,,, values pro-
R2=0.9715

25 4

20 4

Solar Radiation (LSA SAF - MJ m 2 d")

0 T T T T T T 1
0 5 10 15 20 25 30 35

Solar Radiation (RIA station - MJ m?2 d™)

35

30 4
y =0.9856x
R?=0.9685
25 4

20 4

15

Avg T (ECMWF - °C)

10

0 5 10 15 20 25 30 35
Avg T (RIA station - °C)

Fig. 3. (a) Comparison of solar radiation (MJm~—2d-') provided by the weather
station described in Experiment setup for lysimeter and meteorological variables
collection, and LSA SAF; and (b) comparison of T (°C) provided by the weather station
and ECMWF.

vided by ECMWEF and the weather station generated a slope of 0.99
with R2=0.97 (Fig. 3b). De Bruin et al. (2010) reported underes-
timations of ECMWF temperature uniquely in regions with high
elevation, which agrees with the results obtained in this study (the
experimental reference field is located at 117 m).

The performance of Rs and Ty, estimations provided by LSA SAF
and ECMWEF, respectively, was specially accurate during summer
time, when clear sky dominates, presenting regression slopes of 1.0
and absolute errors of 1.15MJm~2d~! and 0.85 °C, for Rs and Ty,
respectively (Table 1). These results are consistent with the studies
performed by the LSA SAF (Geiger et al., 2008; Trigo et al., 2011)
and Cristobal and Anderson (2012) showing that the errors in the
estimation of solar radiation are higher under cloudy conditions.

MAK-Adv approach compared with lysimeter measurements and
ET, equations

The results obtained for different ET, approaches are shown in
Table 2, considering as reference ET, values those measured by the
lysimeter. Daily ET, lysimeter measurements and PM-FAO56 ET,
estimates are equal to 4.1 mmad-! (Table 2), no detecting statis-
tically significant differences between both methods. R was 0.98
with slope equal to 0.98 (Fig. 4a).

Makkink (MAK) approach using LSA SAF and ECMWF data
provided statistically significant lower ET, values (3.56 mmd~1)
compared to ET, measured by the lysimeter. RMSE was around
1.0mmd~-! and MAE was 0.7 mmd~! (Table 2). R? was 0.92 but the
slopes are clearly below one (0.83). These low ET, values agree with
previous studies that confirmed ET, underestimations using the
Makkink equation under semi-arid conditions (Allen et al., 1998;
Temesgen et al.,2005) due to the omission of the aerodynamic com-
ponent in ET, computation. Finally, Cammalleri and Ciraolo (2013)
also determined underestimations with the Makkink approach,
especially in sites with a strong wind, with average underestima-
tions of around 4%.

Finally, compared with lysimeter measurements, MAK-Adv
approach has given excellent results. The average ET, value
was 4.0mmd-! (1.5% lower with respect to lysimeter measure-
ments) with differences no-statistically significant, RMSE equal
to 0.50mmad-!, RE=12.3% and MAE=0.39mmd~! (Table 2). The
slope of the regression was 0.97 and R? equals to 0.96 (Fig. 4a).
These errors produced by the MAK-Adv approach were below the
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Table 2

Average ET, values, errors and correlations obtained with various ET, approaches including ET, values measured by lysimeter for 2007-2009 period.

ET, LYS ET, PM-FAO56 ET, MAK ET, MAK-Adv ET, MAK-Adv +RIA
Avg. daily ET, (mmd-1) 4.06ab 4.06a 3.56¢ 4.00a 4.14b
RMSE (mmd-) - 0.36 0.93 0.50 0.50
RE (%) - 8.77 22.97 12.32 12.36
MAE (mmd-1) - 0.28 0.69 0.39 0.39
Slope - 0.98 0.83 0.97 0.99
R? - 0.98 0.92 0.96 0.95

In avg. daily ET,, equal letters mean no statistically significant differences (p <0.05).
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Fig.4. (a) Comparison of different approaches for ET, assessment (PM-FAO56, MAK-
Adv and MAK-Adv +RIA) with ET, measurements by lysimeter and (b) with PM-
FAO56 approach.

instrumental errors. The comparison between MAK-Adv approach
and PM-FAO56 values also presented high correlation (slope is
equal to 0.98 and R? =0.95; Fig. 4b) and non-statistically significant
differences (Table 2). Thus, the use of PM-FAO56 as a reference
gave a similar performance to that when using lysimeter data,
and could be considered as a reference when spatial analyses are
carried out, where lysimeter data are obviously not available.

Error analysis and climatic correlations

In order to determine the importance of a correct calibration
of Makkink equation and its impact on the quality of the ET, esti-
mations, several cyux coefficients previously proposed around the
world (Jitan, 2005; Xu and Chen, 2005; De Bruin et al., 2010;
Cristea et al., 2013) were considered. For lysimeter location, the
best figures were obtained with cysx equal to 0.81, value pre-
viously determined by Jitan (2005) at Jordan Valley, with RMSE
equal to 0.58 mmd~'. However when cysx was equal to 0.65 or
1.0 the errors in the ET, estimation increased until RMSE =0.95
and 1.3mmd"!, respectively. MAK-Adv approach with local cal-
ibration provided slightly better performance than using fixed
non-locally calibrated cyux values (RMSE=0.57 vs 0.58 mmd-1!,
respectively), although in both cases the results were very sat-
isfactory. Under different climate conditions at Southern Spain,
considering the previous weather stations distributed throughout
Andalusia, similar results were determined: cyax values around
0.81 provided the best figures compared with PM-FAO56 approach
(RMSE=0.61 mmd-1), but were worse than using the proposed
local calibration (RMSE =0.59 mmd~1). Equally, when ¢4 moved
away from 0.81 results were worse: RMSE values were 0.78 and
1.21 mmd~! when cyax was changed to 0.65 and 1.0 respectively.
This analysis demonstrates the high impact of the calibration on the
ET, estimates with the Makkink equation, being required at least a
regional calibration of the procedure to be applied to vast areas.

To determine the source of the errors in the proposed approach,
the results obtained with MAK-Adv approach using SEVIRI-
MSG/ECMWF data were compared with the MAK-Adv approach
results using input data from the weather station considered
in “Experiment setup for lysimeter and meteorological variables
collection” (named MAK-Adv +RIA approach). The differences of
MAK-Adv + RIAresults with the lysimeter measurements were sim-
ilar to those obtained with MAK-Adv, being both means statistically
equal to the lysimeter data (Table 2), with a small improvement
in the slope of the regression (Fig. 4a). This fact indicates that the
small differences in the ET, calculation were mainly caused by lim-
itations in the approach, and not by the quality of the remotely
sensed input data, since the errors caused by the inputs triggered
negligible impacts on the ET, assessment.

The performance of the MAK-Adv approach, as for the PM-
FAO56 approach, varied throughout the year. The smallest
differences with respect to measured ET, by the lysimeter were
found in summer (RE=9.1%; Table 3), while the maximum errors
were detected in winter and autumn (RE equals to 18.8% and
17.3% respectively). Similarly, the signal (under or overestima-
tion) also depended on the season. While in summer and spring
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Table 3

Seasonal comparison of different ET, approaches (PM-FAO56, Makkink, Makkink-Adv and Makkink-Adv +RIA) with lysimeter measurements.

ET, LYS ET, PM-FAO56 ET, MAK ET, MAK-Adv ET, MAK-Adv +RIA
Summer
Avg. (mmd-1) 6.82 6.66 5.45 6.73 6.67
RMSE (mmd-1) 0.43 1.52 0.62 0.66
RE (%) 6.34 22.24 9.10 9.74
MAE (mmd-") 0.37 1.38 0.52 0.52
Slope 0.97 0.79 0.98 0.97
R? 0.90 0.72 0.75 0.72
Fall
Avg. (mmd-1) 2.21 2.29 2.08 2.22 2.31
RMSE (mmd-1) 0.30 0.46 0.38 0.36
RE (%) 13.52 21.02 17.33 16.53
MAE (mmd-1) 0.22 0.34 0.27 0.29
Slope 1.02 0.89 0.99 1.02
R? 0.95 0.86 0.91 0.92
Winter
Avg. (mmd-1) 1.66 1.83 1.87 1.81 1.97
RMSE (mmd-1) 0.31 0.34 0.31 0.40
RE (%) 18.66 20.59 18.78 24.02
MAE (mmd-1) 0.22 0.28 0.24 0.33
Slope 1.10 1.07 1.06 1.15
R? 0.94 0.85 0.89 0.92
Spring
Avg. (mmd-1) 4.84 4.82 427 4.58 4.90
RMSE (mmd-1) 0.35 0.82 0.57 0.49
RE (%) 7.29 16.94 11.80 10.16
MAE (mmd-') 0.28 0.66 0.46 0.39
Slope 0.99 0.87 0.94 1.01
R? 0.91 0.77 0.85 0.86

small underestimations were detected (slopes equal to 0.98 and
0.94 respectively), during winter overestimations were found
(overestimation by around 9% and slope = 1.06; Table 3). A differ-
ent calibration for winter/autumn and spring/summer conditions
might improve the MAK-Adv approach, but this potential improve-
mentisvery limited due to the excellent results shown by the model
in the current version. The extra complexity of such approach is
unlikely to pay-off.

A correlation analysis was carried out to determine relation-
ships between the differences in the ET, estimation of MAK-Adv
approach with respect to lysimeter measurements, and some cli-
mate variables such as temperature or relative humidity. The
differences were statistically significant (p <0.01) negatively corre-
lated with Ty, and Rs (coefficient of correlation equal to —0.32 and
—0.39 respectively) and positively with relative humidity (0.34),
showing that the errors were larger in days with low ET, (—0.37).
The results of these analyses confirm that the summer season, when
higher R, T, and ET, values occur more frequently, is the period
with a better MAK-Adv performance. However, during the winter-
autumn season, the ET, assessment with the MAK-Adv approach
displayed a greater uncertainty. These results fully agree with other
analyses carried out under a Mediterranean climate by Bois et al.
(2008) and Cristobal and Anderson (2013), with the best perfor-
mance for ET, assessment being seen during the summer season.

Spatial variability of ET, using MAK-Adv approach

In order to extent the proposed approach at regional scale,
ET, estimations provided by MAK-Adv approach were compared
with PM-FAO56 approach for seven representative locations (see
“Advection-revised Makkink equation (MAK-Adv)”). For these loca-
tions, comparing the results provided by both approaches, average
relative root mean square difference (rRMSD) was 15.9%, very
similar to the value obtained in the experimental field where
lysimeter is installed (15.5%). This performance was not equal for
the whole region, with excellent figures for the Guadalquivir Valley

and western areas (rRMSD =12.7%) and slightly worse results for
the eastern and arid areas (rRMSD =20.2%). When cyax was around
or higher than 0.85 the ET, estimation with MAK-Adv approach
was slightly underestimated, although the results were satisfac-
tory. These results indicate that at least a regional calibration of
the MAK-Adv approach is required, especially under extreme arid
conditions.

ETo (mm)
1400

s 1000

1 -

1000 1050 1100 1150 1200 1250 1300 1350 1400 1450
ET, (MAK-Adv) (mm)

Fig. 5. Annual ET, assessment for 2007 obtained with MAK-Adv approach for the
region of Andalusia, Southern Spain. Below, curve of cumulative frequency of the
ET, values obtained with MAK-Adv approach.
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Fig. 6. Seasonal ET, assessment for 2007 obtained with MAK-Adv approach for the region of Andalusia, Southern Spain. Different range of values for autumn and winter
(100-300 mm) and for spring and summer (300-600 mm) were selected in order to improve the visualization of the results.

Table 4

Analysis at sub-basin scale (see Fig. 1) indicating number of RIA weather stations, average, minimum, maximum and average range of ET, variation provided by MAK-Adv,
and relative root mean square difference (rRMSD) between ET, estimated by the weather stations from RIA and the ET, estimated by MAK-Adv.

Code Area (km?) RIA MAK-Adv MAK-Adv MAK-Adv Range rRMSD (%)
#Stations Avg. (mm) Min (mm) Max (mm) Avg. (%)

B1 2743 1 1253.1 1194.1 1281.7 3.5 2.8
B2 3435 2 1226.9 1063.3 1346.0 115 11.8
B3 3306 0 1292.9 1228.3 1351.1 4.8

B4 2780 1 1278.2 1230.8 1323.2 3.6 6.7
B5 1917 0 1283.8 1261.1 1323.7 2.4

B6 4077 1 1334.2 1277.9 1395.8 4.4 7.6
B7 1749 1 1319.2 1253.0 1396.7 54 5.6
B8 3646 5 1381.3 13233 1414.3 33 1.1
B9 7078 5 1194.9 1070.2 1264.6 8.1 13.1
B10 3309 2 1195.3 1029.0 1339.9 13.0 204
B11 1115 0 1265.9 1204.3 1345.2 5.6

B12 3431 3 13234 1260.4 1354.4 3.5 3.2
B13 2429 0 1286.9 1233.1 1331.8 3.8

B14 5920 3 12219 1112.2 1301.6 7.8 12.6
B15 3547 3 1311.6 1215.8 1363.9 5.6 4.6
B16 1792 2 1340.3 1286.2 1376.6 34 8.7
B17 1388 2 1365.2 1319.5 1395.8 2.8 12.0
B18 2697 4 1376.0 1319.5 1403.6 3.1 3.9
B19 2101 2 1272.5 1190.9 1315.9 49 2.9
B20 4006 2 1264.7 1196.6 1338.6 5.6 10.0
B21 2022 1 1211.8 1140.1 1289.1 6.1 3.7
B22 1479 0 1263.6 1161.5 1360.7 79

B23 3890 3 1303.5 1151.9 1390.8 9.2 5.0
B24 3659 3 1242.7 1148.8 1338.4 7.6 8.2
B25 4176 4 1340.9 12325 1403.6 6.4 3.0
B26 2296 1 1287.6 1175.3 1375.5 7.8 8.6
B27 2870 1 1306.0 1246.6 1387.0 54 29
B28 2934 2 1346.8 1280.3 1389.9 4.1 5.5
B29 1810 2 1364.8 1307.1 1389.7 3.0 33
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Once the calibration/validation process is made, and thanks
to the use of remote sensing and forecast tools, the MAK-Adv
approach is able to carry out spatial analyses of ET, under semi-
arid conditions for vast areas. A region located in Southern Spain
(Fig. 1) during 2007 has been selected for the demonstration of the
introduced approach (Figs. 5 and 6 and Table 4).

The MAK-Adv approach allows the estimation of daily ET, maps
with a spatial resolution of around 9 km?2, which can then be used
to get yearly (Fig. 5) and seasonal ET, maps (Fig. 6), determining
the spatial and temporal variability of ET, values. The annual ET,
for 2007 ranged between 1000 and 1400 mm, being the majority of
ET, values between 1200 and 1350 mm (Fig. 5), and reveals a clear
spatial pattern, with the highest values located in the Mid-Lower
section of Guadalquivir River Basin (GRB), coastal areas and arid
zones in the East of the region, with maximum ET, of the order of
1400 mm. The lowest ET, values were found in mountainous areas
located to the East of the region (ET, ~1000 mm). Also a clear spatial
pattern of ET, depending on season can be seenin Fig. 6. For summer
time, the maximum ET, values were found in the GRB, particularly
in the Mid-Upper section (maximum ET, was ~600 mm). The low-
est ET, values were detected in the mountainous areas to the East,
with values around 450 mm. Coastal areas had moderate ET, values
mitigated by the sea effect on temperatures. In autumn and win-
ter periods the highest ET, values were found in the coastal areas
(maximum values close to 200 mm) and in the lowest section of
GRB (Fig. 6). Minimum values were found in mountainous areas in
the East (~100 mm). Finally, for spring maximum ET, values were
detected in the lowest section of GRB, coastal areas and arid zones
in the East (~475 mm), while the minimum values were found in
mountainous areas (~350 mm).

Variability in ET, at sub-basin scale and for the whole region
was high. Ranges of variation are showed in Table 4. At sub-basin
scale, some sub-basins showed large variability (e.g. B10 ranged
from about 1029-1340 mm). Spatial variability in ET, was higher
during winter and autumn (CV =10.3 and 10.0% respectively) com-
pared with spring and summer (5.3 and 6.1% respectively). Such
high ET, spatial variability suggests that the uncertainty in ET, esti-
mations in the absence of a near-by weather station is high. The
use of the MAK-Adv approach, thanks to the use of remote sensed
data, reduces significantly that uncertainty, since the satellite data
is capable of capturing the spatial and temporal variability of solar
irradiance at the surface, the main source of energy for ET, (Fig. 6).

Errors associated with the limited number of stations were ana-
lyzed using the yearly and seasonal rRMSD determined comparing
the ET, values provided by the RIA with the provided by MAK-Adv
at sub-basin scale (Table 4). Yearly rRMSD at sub-basin scale ranges
from 1.1 to 20.4%. Seasonally, spring and summer seasons showed
small rRMSD values (7.3 and 5.4%, respectively), with higher values
for winter and autumn (20.1 and 17.9%, respectively). This implies
that the use of ET, values from individual weather stations for vast
areas must be considered with caution, since high discrepancies
generally occur when ET, presents high spatial range and/or low
number of stations within the basin (and therefore low represen-
tativeness of station-based estimates), are available.

Conclusions

The use of remote sensing techniques (LSA SAF) and forecast
tools (ECMWEF) integrated in the advection-revised Makkink equa-
tion (MAK-Adv approach) has given very satisfactory results in ET,
assessment under semi-arid conditions in Southern Spain, provid-
ing an excellent tool for spatially distributed ET, assessment.

Thus, the new MAK-Adv approach improved the estimations
(RMSE=0.5mmd~!; RE=12.3%; Table 2) compared with simpler
methods as MAK approach, providing similar ET, estimations to

the results provided by other more complex methodologies such
as lysimetry or PM-FAO56 (Fig. 4), but extending the ET, assess-
ment at regional scale. The results for summertime, the key season
for agriculture water management, were particularly remarkable,
with very accurate results (RMSE =0.62 mmd~'; RE=9.1%; Table 3).

The error analyses generated with MAK-Adv approach deter-
mined that the main source of error was the limitations in the
approach and not by the quality of the input data provided by
remote sensing and forecasting tools. The quantity of the errors
were associated to some meteorological variables as tempera-
ture, solar radiation or relative humidity, revealing that MAK-Adv
approach had a better performance for summertime, with higher
uncertainty for ET, assessment during autumn and winter.

After at least a regional calibration and validation process, and
thanks to the integration of remote sensing techniques and fore-
cast tools, the proposed methodology is able to provide accurate
ET, maps for Europe, Africa and part of South America with a spa-
tial resolution of 9 km2. Although the new approach had similar
performance than PM-FAO56 at point scale, the high value of the
new approachis the ET, assessment spatially distributed at regional
scale with similar performance than the ET, assessment deter-
mined by a well-managed weather station. The application to the
region of Andalusia (Southern Spain) has demonstrated the utility
of MAK-Adv approach, able to provide accurate ET, values for vast
areas without requiring a dense weather station network, avoid-
ing the high costs associated to installation and maintaining of this
type of networks. Thus, for the analyzed region ET, values for the
totality of the territory were determined, detecting the high spa-
tial variability in ET, (ET, ranged between 1029 mm and 1381 mm),
impossible to detect with weather station networks.

Agricultural and hydrological studies could use this method-
ology improving the water management at different spatial
scales, providing accurate irrigation scheduling or determining the
components of the water balance such as superficial runoff or
groundwater recharge.
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